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INTRODUCTION 

I n  t h e  p r o c e s s  of c o a l  combust ion,  t h e  a s h  p a r t i c l e s  d e p o s i t e d  on v a r i o u s  
combustor components can  cause  s e r i o u s  m a t e r i a l s  damage. It has  been shown 
t h a t  the a l k a l i  compounds c o n t a i n e d  i n  t h e s e  p a r t i c l e s  are among t h e  main 
c a u s e s  of c o r r o s i o n .  Such c o r r o s i o n  may be e s p e c i a l l y  damaging i n  proposed 
combined c y c l e  power p l a n t s  where t h e  g a s  t u r b i n e  b l a d e s  a r e  exposed t o  t h e  
combustor and t h e r e f o r e ,  a r e  i n  d i r e c t  c o n t a c t  wi th  p a r t i c l e s  t h a t  escape  
f i l t e r i n g .  To c o n t r o l  t h e  c o r r o s i v e  e f f e c t s  of  t h e  a l k a l i s ,  i t  would be 
c e r t a i n l y  u s e f u l  t o  unders tand  t h e  mechanism govern ing  t h e  a l k a l i  c o n t e n t s  of 
t h e  p a r t i c u l a t e s .  

Over t h e  p a s t  few y e a r s ,  a number of measurements  have been made t o  
o b t a i n  t h e  c o n c e n t r a t i o n  of t r a c e  e lements  i n  a s h  p a r t i c l e s .  S e v e r a l  of  t h e s e  
s t u d i e s  measured t h e  c o n c e n t r a t i o n s  as a f u n c t i o n  of  p a r t i c l e  I n  
some of t h e  exper iments ,  t h e  s u r f a c e  composi t ion  of t h e  l a r g e r  p a r t i c u l a t e s  
h a s  a l s o  been determined.’-12 
c a l c u l a t e d  f o r  a l a r g e  number of e lements .13  
d a t a  i s  d i s p l a y e d  i n  F i g u r e s  1 and 2 and Table  I. 

From t h e s e  d a t a ,  enr ichment  f a c t o r s  have been 
A s e l e c t i o n  from t h e  a v a i l a b l e  

The composi t ion  of  t h e  smaller p a r t i c l e s  (a few microns  o r  l e s s )  is of 
s p e c i a l  i n t e r e s t  s i n c e  p a r t i c l e s  i n  t h i s  s i z e  range  a r e  more l i k e l y  t o  e s c a p e  
f i l t e r i n g .  It i s  commonly a c c e p t e d  t h a t  enr ichment  i n  t h e  submicron 
p a r t i c l e s ,  a s  w e l l  as on t h e  s u r f a c e s  of t h e  l a r g e r  p a r t i c u l a t e s ,  is due t o  
c o n d e n s a t i o n  of v o l a t i l e  s p e c i e s  from t h e  vapor  phase.  T h i s  would l e a d  one t o  
e x p e c t  s i g n i f i c a n t  enr ichment  by e l e m e n t s  t h a t  are themselves  v o l a t i l e  o r  a r e  
found i n  c o a l  a s  r e l a t i v e l y  v o l a t i l e  compounds. By and l a r g e ,  t h e  
measurements a r e  c o n s i s t e n t  wi th  t h e s e  e x p e c t a t i o n s .  Thus, f o r  example, 
e lements  such as Pb, Zn, T i ,  Se ,  and As which a r e  expec ted  t o  be v o l a t i l e ,  do 
indeed  show s i g n i f i c a n t  enr ichment  i n  t h e  s m a l l e r  p a r t i c l e s  and,  where d a t a  
e x i s t ,  a l s o  on t h e  s u r f a c e s  of  t h e  l a r g e r  p a r t i c l e s .  However, an examinat ion  
of  t h e  d a t a  shows t h a t  t h e  a l k a l i s  e x h i b i t  a s u r p r i s i n g  d e p a r t u r e  from t h i s  
t r e n d .  One would c e r t a i n l y  e x p e c t  t h e  a l k a l i s  t o  be among t h e  more v o l a t i l e  
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species. In fact, combustion experiments done under laboratory conditions 
show significant vaporization of the alkalis.14 
actual coal combustion plants show that the smaller particles are not enriched 
by the alkalis. On the other hand, the surfaces of the larger particles do 
show significant enrichment by them. 

Yet, the data gathered from 

The observation that the small ash particles are not enriched by the 
alkalis suggests that, contrary to expectations, the alkalis are not 
volatilized under actual case combustion conditions. If this is the case, 
the observed surface enrichment of the larger particles is not due to 
condensation, but must be produced by some other process, possibly diffusion 
from the interior to the surface. 

Experiment Results 

Evidence for these suggestions is found in the recent work of Stinespring 
and Stewart15 and Stewart et a1.16 
the alkalis in model components under various coal combustion conditions. 
Since the alkalis are found in the organic as well as the inorganic components 
of coal, it is important to understand their behavior in both types of sites. 
Illite, which is a potassium containing aluminosilicate mineral, was chosen as 
a typical inorganic coal component. Sodium and potassium benzoate were chosen 
to represent the alkali containing organic fraction. These experiments 
examined the behavior of several elements; however, we will focus here only on 
the results relevant to the alkalis. Auger Electron Spectroscopy (AES) was 
used to determine the surface composition of aluminum silicate minerals which 
are heated in a well controlled environment. Differential thermal analysis 
(DTA) and thermogravimetric analysis (TGA) were performed on the model organic 
compounds to determine the extent of alkali release from the organic 
constituent. 

These experiments studied the behavior of 

The depth profiles for potassium indicate that the surface concentration 
of potassium begins to increase at temperatures as low as 200°C and it reaches 
an enrichment of about 13 at 1100°C. The depth of enrichment is about 100A. 
Order-of-magnitude calculations indicate that diffusion may occur on a time 
scale compatible with the residence time of ash particles in the combustor. 
From these results we conclude that alkali enrichment on the larger ash 
particles may indeed result from segregation rather than adsorption or 
condensation. 
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The DTA/TGA s t u d i e s  o so i m  and potass ium benzoate  decompo . i t i o n  show 
t h a t  t h e s e  model molecules  i n i t i a l l y  decompose t o  form condensed r i n g  o r g a n i c  
molecules ,  a l k a l i  c a r b o n a t e ,  and carbon d i o x i d e .  T h i s  i n i t i a l  decomposi t ion  
process  o c c u r s  over  t h e  t e m p e r a t u r e  range  of 400 t o  600'C and i s  independent  
of  the  g a s  s t r e a m  composi t ion .  Over t h i s  t e m p e r a t u r e  range ,  t h e r e  is no l o s s  
of  a l k a l i  i n t o  t h e  gas  phase.  R a t h e r ,  a l l  of  t h e  a l k a l i  is c o n v e r t e d  i n t o  t h e  
c o r r e s p o n d i n g  a l k a l i  c a r b o n a t e .  A t  h i g h e r  t e m p e r a t u r e ,  t h e  a l k a l i  c a r b o n a t e  
decomposes and t h e  c o u r s e  of  t h i s  decomposi t ion  i s  de termined  p r i m a r i l y  by t h e  
composi t ion  of t h e  ambient gas .  I n  an i n e r t  gas  s t r e a m ,  t h e  a l k a l i  c a r b o n a t e  
decomposes o v e r  t h e  t e m p e r a t u r e  r a n g e  of 700 t o  900°C wi th  release of carbon 
monoxide and atomic a l k a l i .  T h i s  decomposi t ion  has  been conf i rmed by 
t r a n s p o r a t i o n  mass s p e c t r o m e t e r  s t u d i e s .  l 7  However, i n  a stream c o n t a i n i n g  
20% C o p  between 700 and 9OO"C, o n l y  carbon monoxide is r e l e a s e d  and t h e  a l k a l i  
i s  conver ted  t o  a l k a l i  c a r b o n a t e .  This  r e c t i o n  sequence  o c c u r s  as long  a s  
r e s i d u a l  carbon and carbon d i o x i d e  a r e  p r e s e n t .  Once t h e  e x c e s s  carbon has  
been c o n v e r t e d  t o  carbon monoxide, t h e  a l k a l i  c a r b o n a t e  w i l l  decompose a t  
t e m p e r a t u r e s  i n  excess  of  1200°C. Experiments  were a l s o  performed w i t h  a 
combinat ion of  S O p ,  C o p ,  and O 2  i n  t h e  g a s  s t ream.  Here,  i t  was found t h a t  
t h e  a l k a l i  c a r b o n a t e  i s  c o n v e r t e d  t o  t h e  a l k a l i  s u l f a t e  w i t h  no i n d i c a t i o n  of 
a l k a l i  l o s s  over  t h e  t e m p e r a t u r e  range  s t u d i e d  (<  1300°K). 

CONCLUSIONS 

Thus, t h e  r e s u l t s  of t h e  measurements  and exper iments  d i s c u s s e d  above do 
provide  a p l a u s i b l e  way t o  b e g i n  a n  e x p l a n a t i o n  f o r  t h e  d i s t r i b u t i o n  of a l k a l i  
in che ash p a r t i c u l a t e s .  To summarize: 

1. Under t y p i c a l  c o a l  combust ion c o n d i t i o n s  i n  a n  atmosphere r i c h  i n  
C o p  a n d / o r  S O p ,  t h e  a l k a l i s  i n  t h e  o r g a n i c  f r a c t i o n  do n o t  v a p o r i z e  
b u t  remain bound i n  t h e  a s h  as s t a b l e  c a r b o n a t e s  o r  s u l f a t e s .  

2 .  The a l k a l i s  i n  t h e  i n o r g a n i c  f r a c t i o n  d i f f u s e  t o  t h e  s u r f a c e  
producing  enr ichment  by a f a c t o r  o f  about  13  t o  a d e p t h  of about  
100A. 

The r e s u l t s ,  however, do not  p r o v i d e  c o n c l u s i v e  e v i d e n c e  about  t h e  f a t e  
of t h e  a l k a l i s .  The e f f e c t  of water vapor  i n  t h e  combust ion stream has  n o t  
y e t  been s t u d i e d .  C l e a r l y ,  w a t e r  c o u l d  have an impor tan t  e f f e c t  on t h e  
v a p o r i z a t i o n  p r o c e s s .  Fur thermore ,  t h e  r e a s o n i n g  we have fol lowed t o  e x p l a i n  
t h e  absence  of a l k a l i  enr ichment  i n  t h e  submicron p a r t i c l e s  r e q u i r e s  t h a t  t h e  
v o l a t i l i z a t i o n  of  t h e  a l k a l i s  i n  b o t h  t h e  o r g a n i c  and i n o r g a n i c  f r a c t i o n  n o t  
be s i g n i f i c a n t  ( s a y  l e s s  than  20%).  
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It is  p o s s i b l e  t o  make a reasonably  c l e a r  s t a t e m e n t  about  t h e  a l k a l i s  i n  
t h e  o r g a n i c  f r a c t i o n  under  v a r i o u s  combust ion c o n d i t i o n s .  Here, t h e  
v o l a t i l i z a t i o n  of t h e  a l k a l i s  is  p r i m a r i l y  de te rmined  by t h e  he te rogeneous  
chemical  r e a c t i o n  of t h e  a l k a l i s  wi th  t h e  g a s  s t r e a m .  Such d e t a i l e d  
i n f o r m a t i o n ,  however, i s  not  a v a i l a b l e  f o r  the  a l k a l i s  i n  t h e  i n o r g a n i c  
f r a c t i o n .  Here, e x p e r i m e n t a l  d a t a  were n o t  o b t a i n e d  under  a p p r o p r i a t e  
c o n d i t i o n s .  Thus, t h e  combust ion exper iments  of  H i m s  e t  a l . ,  which do show 
s i g n i f i c a n t  a l k a l i  v a p o r i z a t i o n ,  were performed i n  an O 2  a tmosphere  w i t h o u t  
CO2 o r  SO2 enr ichment .  The exper iments  of S t i n e s p r i n g  and S t e w a r t ,  w i t h  t h e  
i n o r g a n i c a l l y  bound a l k a l i s ,  measured only  enr ichment  and d i d  not  s t u d y  
v a p o r i z a t i o n .  The r e s u l t s  of  r e c e n t  v a p o r i z a t i o n  s t u d i e s  of Hastie e t  a1.18 
were a l s o  not  performed under  c o n d i t i o n s  d i r e c t l y  a p p l i c a b l e  t o  c o a l  
combust ion.  C l e a r l y ,  a wider  range of e x p e r i m e n t a l  d a t a  w i l l  have t o  be 
o b t a i n e d .  S p e c i f i c a l l y ,  t h e  e f f e c t s  of s u r f a c e  c h e m i s t r y  on t h e  a l k a l i  i n  t h e  
i n o r g a n i c  f r a c t i o n  w i l l  have to  be s t u d i e d  b e f o r e  a more c o n c l u s i v e  s t a t e m e n t  
can be made about  t h e  f a t e  of t h e  a l k a l i  i n  c o a l  combust ion.  
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SURFACE AND BULK ENRICHMENT OF COAL COMBUSTION ASH FOR SELECTED ELEMENTS 
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''Bulk enr ichment  d e f i n e d  as t h e  r a t i o  of t h e  c o n c e n t r a t i o n  i n a  1 U  p a r t i c l e s  
t o  t h a t  i n  an 1 8 . 5 ~  p a r t i c l e ,  from D.G.  Coles ,  R . C .  R a g a i n i ,  J . M .  Ondov, 
G.L. F i s h e r ,  D. Si lberman,  B . A .  P r e n t i c e ,  Envi ron .  S c i .  & Tech. ,  13, 455 
(1979). 

>k ?< 
Bulk enr ichment  d e f i n e d  as t h e  r a t i o  of  t h e  c o n c e n t r a t i o n  i n  a 0 . 1 5 ~  
p a r t i c l e  t o  t h a t  i n  a 20p p a r t i c l e ,  f rom R.D.  Smi th ,  Prog.  i n  Energy 
& Comb. S c i . ,  6, 53 (1980) .  

Sur face  enr ichment  d e f i n e d  a s  t h e  r a t i o  of t h e  s u r f a c e  composi t ion  d i v i d e d  
by t h e  composi t ion  a t  500 8, f rom R.W. L i n t o n ,  P .  W i l l i a m s ,  C.A.  Evans, J r . ,  
and D.S.F. Natusch,  Anal .  Chem., - 49, 1514 (1977) .  

**?? 

1 4 3  



I 
9r 
8 

7 

6 
i- s - 5 5  
D: z 
y 4  

3 

2 

1 

1.0 2 . 4  3 . 7  6.0 18 I 
PARTICLE DIAMETER (10'6fl) 

1 2 3 4 5 
PARTICLE DIAMETER (10% 

Flgurs 2.  Lilrlclmesr vs. Yorf lc lr  Size. Baaed on Data by B m L t 1 1 .  
Pmg.  Energy and Comb. sc l . .  a. SI (1980). 

144 


